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FOREWORD

This report was written by the Project Engineer, Edward C. Dudzinski
of the Reference Systems Branch, System Avionics Division, Avionics

Laboratory, Air Force Wright Aeronautical Laboratories, Wright-Patterson
AFB, Ohio.

The work documented herein was carried out under Project Work Unit
60951410 during the period October 1979 to November 1980,

The author would like to acknowledge four people for their assistance
in this project. William E. Shephard, Group Leader of the Reference Systems
Software Group, was responsible for the initial definition of the project
and provided both general direction and technical guidance during its
course., Major Robert M. Edwards wrote much of the simulation software
that was used, and provided constant technical advice. Lt John W. Weiser
is responsible for the material on the mathematical definition of GDOP and
researched the altered GPS conatellation in order to change the simulation
model appropriately., Lt Weiser also produced some of the plots in Attachmenta 1
and 7. Shirley A. Suttman patiently typed two interim memos, a draft final
report, and this Technical Report.
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SECTION 1
INTRODUCTION

The Global Positioning System (GPS) has been designed to
meet the future navigation needs of military and civilian users,
It consistes of satellites orbiting the earth and broadcasting
information that can be decoded by complementary receiver equip=-
ment. Two separate signals providing <ifferent levels of navi=
gation accuracy are broadcast. Each signal requlires its own
decoding scheme, so general civilian access to the low=quality
broadcast is possible while still restricting usage of the high-
accuracy segment.,

In order for either type of user to determine a 3-dimensional
position fix using GPS, signales must be received from 4 different
satellites., The specific satellites chosen for position fixing
from those visible has a significant impact on the accuracy of
the position solution. The geometric relationship of the satel=
lites and the user affects this solution, and is characterized
by a measurement called the Geometric Dilution of Precision (GDOPF).,
Another ianfluencing factor when directional antennas are uged
is jammer interference with the satellite signal, measured by
the jammer=to-signal ratio (J/S).

This report describes an investigation of whether GPS
satellite selection algorithme that consider J/S as well as
GDOP can provide better navigation performance than an algorithm
which discriminates on the basis of GDOP alone., The intent of
this investigation was not to evaluate any specific algorithwm,
but to determine the potential benefit of general J/§ consider~
ation, The chosen method of analysis was 4 computerized
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gimulation of airecraft flying typical mission scenarios over
parametric jammer fields and accessing satellites in the GPS
coustellation. '

Three sections in addition to the Introduction comprise
this report. Section II begins with descriptiona of the Global
Positioning System, the calculation of the Geometric Dilution
of Praecision (GDOP); and the use of GDOP to govern msatellite
selection. The goal of the project is stated and the stages
of the investigation detailed. Specifics of the simulation
programs and parameters are also included.

Results are presented in Section III., Visibility statis-
tics and GDOP alternatives from the preliminary stages of the
study are described first., Then simulation anapshots that track
the entire Close Air Support mission are presented., Lastly, a
criterion of navigation performance is described and final results
based on that criterion are tabulated, These tables give per~
centages of navigation performance improvement that could be
achieved by inclusion of J/S consideration in the satellite
selection algorithm,

Some qualified conclusions are drawn in the final section
about the comparative performance of an algorithm that considers
GDOP only and one that includes consideration of J/S.

Seven attachments contain the detailed results that are
described in the report body.
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SECTION II
BACKGROUND
l. GLOBAL POSITIONING SYSTEM

The Global Positioning System was originally envisioned
asg 24 satellites with l2«hour orbits uniformly distributed
in 3 circular orbital planes about the earth, The 3 planes
will be equidistant from each other and inclined at a 55° '
angle to the equatorial plane. Interorbital phasing of 15°
will result in 8-hour periodicity of the constellation at any

point on the earth,

Budgetary considerations have changed this original
constellation from a 24 to an l8-satellite configuration.
The new model 18 a nonuniform arrangement achieved by removing
2 adjacent satellites from each of the 3 orbital planes of the
original constellation, leaving other characterigtics unchanged.
Paul Jorgensen of the Aerospace Corporation has published a
paper describing which satellites to delete. This new

constellation also has an 8~hour period.

GPS user equipment can receive signals from any satellites
that are above the local radio horizon and not obscured by the
receiver's mask angle., This mask is a measurement of the
sector of sky immediately above the horizon in which satellites
are effectively invisible. Traversing the eky from horizon
to zenith defines 90° of view. An antenna restricted by a
20° mask angle cannot receive signals from satellites in the
lower 20° of that proaspect. Masking is caused by airframe
interference, the elevation of surrounding terrain, and the

inherent limitations of beam-pointing antennas.
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By analyzing signals from any 4 of the visible satellites,
it is possible to precisely fix the position of a signal
receiver., This is accomplisrhed with pseudo-range measureuents
calculated from satellite cloek signals and a knowledge of
the signal propogation velocity, Navigation accuracy using
this technique is heavily influenced by the relative gaometry
between the user and satellites. This geometry is character~
ized by measurement of the geometric dilution of precision
(GDOP). GDOP is calculated by first constructing the

matrix A.

— ——

% x axy Gz 1

o o o 1
A = 2% 2y 2z

%yx 0"sy Cyg 1

aux a'oy abz 1

where o4 n is the direction cosine of the angle between the
X~axis and the line-of-sight to the ith satellite. VFinally,

CDOP = JTrace [(ATA)"I]

Low GDOP indicates a favorable user-satellite geometry and
reduced sensitivity to measurement noise. Currently, the set
of 4 satellites chosen from those visible i8 the set with

minimum GDOP.

In the circumstance where the user has an antenna capable

of directional discrimination and jammers are operating in the

vicinity, the jammer interference as measured by the jammer-
to-signal ratio (J/8) will differ for each satellite in view,
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and GDOP might no longer exactly correlate with precision of
" navigation, In thig situation & better position fix might

F be achieved by choosing a aset of satellites with a higher
GDOP but lower J/S. The present selection algorithm does

not allow for this choice. ;

z 2. PURPOSE

- The overall task objective of WU 60951410 was to conduct
a preliminary evaluation by analysis and simulation of the

v possible advantages of an alternative, more complicated

3 satellite selection algorithm that considers J/S as well as

GDOP. Three logical phases made up this investigation.

é Before suggesting improvement of the current satellite ' :
1 selection algorithm, it had to be determined whether the ;
3 algorithm was useful in any form. Sinece it is exercised ?
ﬁL only when 5 or more satellites are visible, statistics were Y q
Q gyathered on the percent of time that more than orne possible !

set of four satellites were in view at varying latitudes and

mask angles.

S ORI Yy

These visibility statistics demonstrated that alternative

satellite gets were in view during a significant portion of

the constellation's period, and justified proceeding to the
N\

second phase of the project.

In this part of the analysis, the goal was to determine
whether GDOP characterizations of the satellite sets eliminated
any cholce in their uge, If in almost all cases the GDOP
measurement wag prohibitively high for all but a single set of
visible GPS satellites, the current selection algorithm would

be sufficient and J/S congideration would be pointless.
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Based on our simulation, viable GDOP alternatives were
available and J/S discrimination was feasible. Detailed
results from these first two project phases were published
in two previous memos for both the original 24-satellite
constellation and the modified 18-satellite configuration,
Some of the statistical results are reproduced in this
report; they are described under Preliminary Results.

The final phase of this project was to determine the
percent of time that a dual criterion algorithm (GDOP and
J/8) could provide navigatiou performance improvement in

parametric jamming situations while flying typical mission
scenarios. The directive receiving antenna simulated was

pi:’ the High Performance Antenna Assembly modeled by The Analytie
:l Sciences Corporation under AFWAL contract. The purpose of

: this report is to describe these final results.

Al

. 3. METHODS

Simulation of GPS satellite views, mission trajectories

and jammer interference was done with a time~driven FORTRAN
software package. Initial satellite positions were assumed

at time zero with a satellite directly above the equator,

These positions were extrapolated to any given time using {

straight-forward trigonometry in an Earth-Centered-Earth-VFixed

coordinate system. Position coordinates were then rotated
into an East-North-Up system with origin acv the user~iuput
latitude and longitude. Individual satellite coordinates
were converted into view angles (declination and aspect)
from this ugser position. '

oy -
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Five different mission scenarios supplied by SAMSO were
used. The trajectories were treated as straight-line saeagments
of specified speed and direction, completely defined by the
information in Tables 1 through 5 of Attachment 1,

Simulacted jammers broadcasting at 1 kilowatt were located
on the ground paralleling FEBA, Ten rows of them extaeanded
80 kilometers into enemy territory, and they stretched along
FEBA beyond the aircraft line-of-gight in both directions.

Figures 1 through 5 of Attachment 1 describe the X-Y
trajectory of the missions, showing FEBA and the central area
of the jammer field,

Simulations were run on the dual CDC CYBER 750/CYBER 175

system. The DISSPLA graphics package was used to chart some

of the results.
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SECTION III
RESULTS

l. PRELIMINARY RESULTS

The plots and tables referenced below make up Att chments
2, 3 and 4. Results are included for both the original 24-
satellite configuration and the reduced l8~satellite system.

Figures 1 and 2 of Attachment 2 plot the average number
of visible satellites observed at all latitudes with the
indicated mask angles. The averages were determined ovaer
the entire B hour period of the two constellations.

In Attachment 3, six tables contain detailed information
describing how often a choice of alternative satellite sets
exist, and how wide a choice that is. Each table represents
the entire period of the indicated constellation at one of the
three chosen latitudes. For each of B mask angles, these tables
show the percent of time that at least a given number of satel=-
lites are visible., For example, Table 4 shows that at 0°
latitude, constricted by & 20° mask angle, users viewing the
18-gatellite constellation will see 6 satellitesa 20% of the
time. With six satellites visible, 15 alternative satellite
sets are available. Exactly 5 satellites, providing 5 choices,
are visible 29% of the time (49% minus 20X). TFour satellites,
comprising a single available set, are visible 18.3% of the
constellation's period. During the remaining 32.7% of the

time, exactly 3 satellites can be seen.
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Lastly, Figures 1 through 6 of Attachment 4 plot the
averages of the 3 best wvailable GDOP's at all latitudes and
3 different mask anglea, Each point on the curves represents
an average over 8 hours, the constellation's period.

It is important to note that GDOP alternatives shown in
these latter 6 figures were calculated only for those times
when 5 or more satellites were vigible. These figures indicate
the average GDOP selection when a choice exists. The six
previous tables must be consulted to determine how often the
user has a choice. For example, figure 6 shows an average
choice between the two lowest GDOP's of roughly 5.0 and 6.0 at
0° latitude. By consulting Table 4 of Attachment 3 we see that
with a 20° mask angle at 0° latitude, 49% of the time there are
at least 5 satellites visible, hence during the remaining 51%
of the time only 3 or 4 satellites can be seen. Thus our
example GDOP alternatives characterize only 49% of the constel=
lation's period, with no choice available the rest of the time.

In the course of the simulation, an incidental numerical
problem was encountered. When four satellites are configured
o that they lie on or very near the surface of a cone with itse
apex at the user, the geometric configuration is unfavorable
for navigation and GDOP is indeterminate. This occurs because
the matrix A referenced in this paper's introduction becomes
singular, When A is singular, so is the product [ATA]
This product must be inverted to calculate GDOP, but the
singularity makes that impossible.

This situation oeccurred most frequently at the poles, where
a great deal of symmetry occurs in the satellite constellation,
GPS user software should be protected from any catastrophic
results of attempting to invert a singular wmatrix.

P VR YR
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2. SIMULATION DATA

Attachment 5 presents simulation snapshots of the Close
Air Support mission at 5 minute intervals, assuming an antenna
o mask angle of 10°, Each snapshot gives aircraft position, view
) angles to zach visible satellite, J/8 for each visible satellite,
and GDOP values for ell possible sets of 4 satellites.

is that shown in the mission description figuxes of Atrachment 1,
- "X" represents downrange, "Y" gcorresponds to crossrange, and "z"
. is the altitude., The (0,0,0) point of our figures ls located at
ﬂ "ground level, 48.6° latitude, 7° longitude, centered in Western
i Europe. J/S is calculated in db's, Space vehicles are identified
3 by orbit plane (1 to 3) and satellite number (1 to 8). Theta and
" phinrth represent satellite view angles, declination and aspect

' respectively. The aspect angle, phinrth, is standardized as the
5‘ angle off the right wing of an aircraft bearing due north.
Therefore the true aspect angle is determined by adding the
actual aircraft heading angle to phinrth,

)
1
f
!
E! Alrcraft coordinates are in kilometers, the reference frame

o a5,

This mission was run with the original 24-~satellite constel~- !
lation. Under the lB-gatellite version, the following space
vehicles would be eliminated:

Satellite Orbit .
4 1 ‘

) 1 1

!

1 2 :

2 2 :

6 3 f

7 3 1

10




3. FINAL RESULTS

As stated previously, the project was intended to determine
the percent of time that a dual criterion algorithm (GDOP and
J/8) could provide navigation performance improvement for an
aircraft in a parametric jamming environment flying typical
mission scenarios. The last section of thie report will
describe the method of analysis used to determine those per-
centages and preﬂent the results.

Our comparison of the current approach (GDOP alone) with a
selection algorithm that also considers J/S depends on threashold
values of J/S and GDOP to determine the acceptability of a satel=~
lite signal or a 4-satellite set respectively. If a satellite's
J/S exceeds 70.0 db, we consider the signal to be unusable.
Similarly, if the GDOP value for a 4-satellite set is over 5.0,
that satellite set is judged unacceptable.

We define the occurrence of navigation performance improva=-
ment as that situation where the minimal GDOP set is eliminated
due to J/S considerations, and an acceptable alternative satellite
set can be acquired,

More specifically, our simulation snapshots present one of
three possible situations. First, the satellite set with the
lowest GDOP can be composed entirely of satellites with J/S
less than 70,0 db., Secondly, one or more satellites in the
optimal set can exceed the J/S threshold when no acceptable
alternative (all J/S < 70 and GDOP < 5.0) exists. These firast
two cases include all situations where 4 or fewer satellites
are visible to the user (we can think of a 3-satellite set as
exceeding the GDOP threshold). Lastly, we have the possibility
of the optimal GDOP set containing one or more satellites that

11
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exceed the 70.0 db J/S threshold while an alternative set exists
which has a GDOP below 5.0 and whiech includes no satellites A
having J/S greater than 70.0. This last situation is the one &
in which we judge navigation performance improvement to be ]

achieved due to J/S consideration.

‘ We have not constructed a measure to discriminate navigation ”E
g performance when J/S is below 70,0 db. If navigation performance
9 can be improved by using an alternative to the optimal GDOP set _
¥ when both these sets have no satellites exceeding the J/$8 limitc, 1?
then we have overlooked some instances where J/S consideration ;ﬁ

would have been justified. 1In any case, by basing our figures
i on upper=level cutoffs, we have arrived at what is probably a
pessimistic forecast of the navigation improvement possible.

The percentages shown in the tables of attachment 6 were
determined by running simulations of our 5 mission scenarioas as
2 described in Attachment 1, Based on the assumptions above, a
’ count was kept of those simulation @napshots where navigation
performance improvement was achieved, as well as a count of the

instances in whieh J/5 values exceeded 70 db for any of the

satellites, This latter count indicated the number of times }
the J/S criterion was exercised. Percentages were calculated

by dividing these two counts by the total aumber of snapshots
in each mission simulation. k

Snapshots were taken at 60 second intervals. Each of the
missions was run repeatedly until simulation time reached 8
hours, so that the entire period of the GPS constellation would
be considered in the analysis., Due to the difference in mission
lengths, this meant that the IST scenario was flown twice,

HELO seven times, and the other three missions four times Q
apiece.

12
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The table values for adjusted navigation performance improve-
ment combine the J/S elimination and overall performance improve-
ment figures in order to normalize the mission results. One of
the mission profiles was flown almost entirely within the jammer
field's influence, while the other missions include varying periods
of flight timé at a distance from the jammer field. Since our

¢ performance measure is & percentage of total mission time, and

E; since time spent beyond the jammers' influence cannot result in

i performance improvement due to J/S considerations, this difference
E in mission profiles causes an artificial difference in navigation

performance improvement., Therefore the adjusted navigation per~-
formance improvement is a percentage not of total mission time,
but of only that time spent in the jammer field's influence as

b indicated by the occurrence of J/S elimination,

Figures 1 through 20 of Attachment 7 graph the GDOP's that
result from two different selection algorithms during a single
ﬂ simulation of each mission. The reference baseline simply
! chooses the set of satellites giving lowest GDOP. The other
curve traces the minimal GDOP achieved when satellites above
the J/S threshold (70 db) are eliminated from consideration,
Regults are included for both the original 24-satellile constel-

lation and the revised 18-satellite configuration. Edach wmissiovn

was run twice, restricted by 10° and 20° mask angles respectively.

Any GDOP's exceeding 10.0 were graphed on these figures as
10.0, because for the purpose of this analysis all GDOP's
> 5,0 are equivalent. Also "topped-out" at this GDOP value
of 10.0 are all situations where fewer than 4 satellites are
available.

13
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When the two curves are coincident, the optimal GNHOP aset

contains no satellites exceeding the J/S threshold and we gain

nothing
70.0 db
Whether
whether

by consideraing J/9. When they diverge, J/S exceeds
for at least one satellite in the optimal GDOP set.
we gain by considering J/S in this case depends on
the GDOP value achievable from the remaining satellites

is below the 5.0 threshold.

14

e lemmims




[~
H
i
4

T T T e,

SECTION 1V
CONCLUSION

The goal of this study was to evaluate payback in terms of
navigation performance improvement for including J/S consideration
in the GPS satellite selection algorithm. Conclusiona drawn in
pursuit of that goal must vecognize the parametric nature of the
simulated jammer layout and jammer power. Additionally, the
reported percentages of navigation improvement must be evaluated
in light of the performance criterion described in Section III.

Results for the 24 satellite constellation are cncouraging,
particularl, the adjusted navigation improvement percentages
which focus o. the mission realm of interest., Average perfor~
mance improvements across all 5 missions of 42% for the 10° mask
and 15% for the 20° mask might be enough to justify the additional
complexity of a dual=-criterion algorithm.,

Less optimistic are the figures characterizing the 18 satel=
lite constellation, The number of alternative satellite sets
increases factorially with the number of visible satelliles
(n! / ({n=4)! 41), where n is the number of vieible satcllitcs).
For example, 8 visible matellites present 70 alternative sets,

7 visible satellites give only 35, 6 give 15 and 5 visible satel-
lites result in a choice of 5 alternative sets. Thua a gmall
decrease in the number of visible satellites 18 felt dramatically.
The change from a 24 to an 18 satellite constellation greatly
reduces the choice of satellite sets, and correspondingly reducc:

the possibility for a good geometric configuration between user
and satellite.

15
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When the view of this reduced constellation is restricted
by a mask angle of 10° or 20°, the result is a virtual elimina=-
tion of choice in satellite sets, This is the reason for the
small percentages of navigation performance improvement reported
in Attachment & for the 18 satellite constellation. Specifically,
mission averages of adjusted navigation performance improvement
were only 15% and 3% for 10° and 20° mask angles respectively.,
With so few satellites to choose from, the payback for a satel-
lite selection algorithm that considers J/S as well as GDOP

appears to be very low.
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i SEGMENT DURATION
pi (MIN)
K
h'
b 1 15
<l 2 5
i
. 3 30
A
i 4 15
| 5 2
3 6 2
7 1
5' 8 5
- 9 0
L 10 5
11 10
3 12 25
b 13 10
.
j‘ -
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(MIN)
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Teble 1, CAS Flight Profile

VELOCITY (M/SEC)

X Y
0.0 0.0
123.5 92.7
41,2 190.5
20.6 0.0
231.6 0.0
231.6 =154,k
1544 0.0
123,5 ~185.3
108.1 108.1
~216.2 =15U4.,4
-185,3 61.8
-55,6 =216.2

-61,8 -U6.3

POSITION (KM)
A X Y

0.0 =185,3 -278.0
30.5 -148,3 -250,2
0.0 -Th,1 92,7
0.0 =-55.6 92,7
0.0 =27.8 92,7
=75.9 0.0 Th.1
0.0 9.3 Thal
0.0 L6.,3 18.5
0,1 111.2 83.k
0.7 6.3  37.1
12,2 64,9 Th,1
0.0 =148.3 -250.2
~12,7 =-185.3 =-278.0

Table 2, EI Flight Profile

VELOCITY (M/SEC)

X Y
0.0 0.0
123.5 61.8
0.0 164,7
205.9 TT.2
223,1 0.0
205.9 103.0
0.0 0.0
-205.9 103.0
-225.0 =-30.9
~223.3 =30.9
-220.6 -172.1
-35.6 -168.7
-61.8 -30.9

POSITION (KM)
X Y

2
0.0 -185.3 -222.4
25.4 -148,3 -203.9
1.7 -14B.3 =-55.6
2,1 0.0 0.0
0.0 2b0.9 0.0
8.5 218.0 18.5
-12,7 278,0 18.5
-8.5 2ko.9 3711
~10,8 1bé.4 24,1
0.0 -27.8 0.0
29,0 -120.5 =72.3
0,0 =-148.3 -203.9
-20,3 =185.3 -222.,4

10

ALTITUDE
(M)

0.0
91LL .0
91kkL,0
91Lk,0
91Lk,0

30.5

30.5

30.5
91.k4
304,8
7620.0
7620.0
0.0

ALTITUDE
(M)

0,0
7620,0
91L4,0
7620,0
7620.0
914k4.0
6096.,0
Ls72,0
30.5
3.5
12192.0
12192.0

0.0

Atch 1
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Teble 3. HELO Flight Frofile

SEGMENT DURATION VELOCITY (M/SEC) POSITION (KM) ALTIVUDE

3 (MIN) x Y 2 X (M)
: 1 5 0,0 0.0 0.0 9.3 0.0 0.0
: 2 15 65.9 0.0 .01 50,0 0.0 9.1
: 3 5 18,5 0,0 0.0 55.6 0.0 9.1
4 5 55,6 0.0 0.0 T2.3 0.0 9.1
5 5 8.5 0.0 0,0 T7.8 0.0 9.1
8 6 5 61,8 0,0 0,0 96.b 0.0 9.1
- T 5 18,5 0,0 0.0 101.9 0.0 9.1
o 8 5 -61.8 61.8 .02 83k 18.5 15.2
1 9 15 -82,4 0.0 0.0 9.3 185 15.2
3 10 5 -61,8 -61.8 =-,05 -9.3 0.0 0.0
1 Table 4. PP8 Flight Profile
i*L SEGMENT DURATION VELOCITY (M/SEC) POSITION (KM) AULTITUDE
(MIN) X Y 2 X Y (M)
3 1 20 0.0 0.0 030 =185,3 -111.2 0.0
rﬁ 2 10 k6.3 139.0 10.2 =15T7.5 =-27.8  6096.0
4 3 5 0.0 185.3 5.1 =15T.5 2T.8  7620.0
g' u 10 169.9 -46.3 0.0 =55.6 0.0  T620.0
5 10 61.8 169.9 =-12.4 =~18.5 101.9 152,k
% 6 10 200.8 -61.8 0.1 101.9 649 213,k
§ 7 10 el7.1 -216.2 0.4 250.2 -6L,9 k26,7
; 8 3 205,9 103.0 -1..5 287.2 -U6.3 152, 4
' 9 2 -308.9 15k.4 0.5 250.2 -27.8 213.h
10 15 =216.2 -16L.7 6.5 55.6 =176.1 6096.0
‘ 11 5 -247.1 92,7 0.0 -18,5 -148.,3  6096.0
12 10 -61.8 30.9 5.1 =55.6 -129.7 91kk,0
13 20 -y2,7 =38,6 0.0 =166.8 -176.,1 914L.0
1k -154,4 1544 -15.2 =213.1 129.7 4572,0 ,
15 5 92,7 61,8 =15.,2 =185,3 -111.2 0.0 1
Ateh 1
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SEGMENT DURATION
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(MIN)

20
10
10
10
10
10
10
5
10
30,
10
30
20
10
10
10
10
25
25
10

Teble 5, IST Flight Profile

VELOCITY (M/SEC)

X Y
0.0 0.0
123.5 =-U6.3
108.1 ~108.1
54,4 <15.4
5.4 139.0
61.6 15.L
13%.0 -30.9
123.5 61,8
92.7 -U6.3
-20.6 0.0
k6.3 -61.8
-159.6  30.9
=15.4 139.0
139.0  130.9
15k.4 L6.3
-30.9 -61.8
-169.9 61.8
-135,9 -68.0
~4l.2 1k
5. 61,8

Z

0.0
5.1
0.0
0.0
0.0
«5,1
1.5
0.0
-1.4
~0.1
0.2
3.3
0.0
=9.9
0.0
0.3
-0.3
L.0
0.0
-10.2

2]

POSITION (KM)

X

~185.3
=-111.2
-46,3
L6,3
55.6
9a2.7
176.1
213.1
268.7
231.6
259.4
-27.8
-46,3
37.1
129.7
111.2
9.3
-194,6
-231.,6
~222.4

Y

-83.4
-111,2
=176,1
-185.3
-101.9
=92.7
-111,2
-92.7
-120.5
-120,5
=157.5
«101.9
64,9
83.4
11L.2
Th.1
111.2
9.3
139.0

176.1

ALTITUDE

(M)

0.0
3048.0
3048.0
30L48.0
30u48.0

0.0

914k
91k, L
91,k
0.0
9.4
6096.0
6096.0
152, 4
152, 4
304.8
152,k
6096.0
6096,0
0.0

Atch 1
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ATTACHMENT 2

_L AVERAGE SATELLITE VISIBILITY
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Satellite Visibility — 55 Degree Orbit
Z24-Satellite Constellstion
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Satellite Visibility — 35 Degree Orbit ~
18-Satellite Non—Uniform Constellation m
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DETAILED VISIBILITY TABLES
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SATELLITE CUVERAGE SIMULATIUN
SESOEEPRAEREANNERP RIS EENIGOS

24-SATELLITE CUNSTELLATIUN
LATITUDE 0O.00 DEGREES NOKRTH

MINIMUM NUMBER QOF AVERAGE NUMJER OF
MASK SATELLIYES IN VIEn SATELLITES IN VIEW

ANGLE  DURING ONE DAY DURING UNE DAY

7%.00 0 oll
‘ 65,00 v o0&
L. 55,00 J 1s02
3 45,00 L L¢84
R 30.00 3 .4
3 20.00 4 5.61
v . 10.00 6 7.82
. ‘ 0,00 8 We37

PERCENT UF TIME THAT AT LEAST
WNY SATELLITES ARE IN VIEwW
AT LATITUDE Q400 UEGKEES NURTH

caventlccsecval ceevceslavcavewtansnecnclcccccelccacaa loveovelaewewee t wa

- MASK 4
g ’ E
i 5.0 ¢ Ue0 Va0 0.0 el Vel Ue0C Vel 0.0 L1.0 4
i{ .
i 6h.0 ¢ 0.0 VeV OsU 0.0 04U 0.0 Vel 0e0 6440
. [ ]
¥ 9.0 * 0.0 Uel 0.0 VeV V) 0av UsU 1046 9l
K ]
'% 45,0 °* 0.0 040 Vel Vel Ueu Le? Lie? 70e6 100U k
.l: .
% 3060 0.0 00 040 0.0 des 624 100s0 100.0 10040 :
B [} i
'i 200 ' 0wU 060  23ed 9842  7Hed L0UsU 1UUSU LUOLU  LUUGO
] ' 3
lusU * 446 7845 99,2 19040 L00sU 100.0 10040 100.0 4000 :
N ] J
5 e * 9642 10040 100sU LUUGU 10UsU LU0V 10040 LUUsU  100ev '
; ’

F 9 4 ! 6 b 4 3 é 1

ON" (NUMHBER OF SATELLITEM) 4

Table 1 Atch 3
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< e,

MASK
ANGLE

75.0
690
5540
4%.0
30.0
2040
10.0
0.0

MASK
ANGLE

7500
65400
55.00
45400
V.00
20.00
10.00

0.00

0.0
0.0
0.0
0.0
Q.0
0.0
8.8

6é.?

.‘.....‘......‘.‘

-wsomwn § man mon -

9

SATELLITE COVERAGE SIMULATION
SEEFEEERREAREERIEEERR LTI IRES

24=SATELLITE CONSTELLATION
LATITUDE 45,00 DEGREES NORTH

MINIMUM NUMBER OF
SATELLITES IN VIEw

DUR ING UNE DAY

. Y o S W Y o S TR D 6B

s FrrwrrCO

AVERAGE NUMBER

QF

SATELLITES IN view

DURING UNE DAY

e P o S M W A S S M G W U U A S S

ok
1.006
169
24593
3.92
Yel4
b, 79
8.68

PERCENT OF TIME THAT AY LEAST
aN® SATELLITES ARE IN VIEW
AT LATITUDE 459400 DEGREES NURTH

0.0
0.0
0.0
0.0
0.0
0.0
10.2

1243

8

0.0
0.0
0.0
0.0
G0
6.4
4heb

964

7

o @ nh - ] n---lv--. - - - Voo om e

anN® (NUMBER UF SATELLITES)

4940

829
10040
100wV
10V
100.0
10040

100V

1

Ue O Vel Ve O Vel 0.0
0.0 UeU V.0 G0 227
UeU JeV 0.0 164% 952.1
0.0 U Yat 20¢4 93e%
Vel Lied B0« 1UOU 10040
3.1 839 LlUUeU 1000 LOVWV
Y40 LUVeU LUV 10UV 100.0
100+u LUOCO 10040 lu0s.0 10040
lommmuewl covawel cwawee [ P
] Y 4 3 ¢
Table 2 Atch 3
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NASK
ANGLE

1940

650

9940
4940
LIV YY)
20.0
1040

Us0

o - _".'.'

MASK
ANGLE
75400
65.00
5% .00
45,00
30.00
2U 400
10400

0.00

0.0
0.0

Ve0

12e9

U

v

0
Q

13

SATELLITE CUVERAGE SIMULATILIUN
CRFEIATREEARRNIOGRRIINNRERRERY

Q4=SATELLITE CONSTELLATIUN
LATITUDE 70400 OLGKELS NURTH

MINLMUM NUMBER OF AVEKAGE NUMBER OF
SATELLITES IN VIEw SATELLITES IN ViEw
DURING (ONE DAY VDURING UNE DAY

VU Uel0

9] 28

U 1.03

1 1.94

3 3486

4 Ye9)

[ tedd

H Qa2

PERCENT UF TIME THAT AT LEAST
WN" SATELLITES ARE IN VYIEw
AT LATITUDE 70.v0 UEGREES NORTH

o0 U0 0.0 Oev Q.0 Vel VeV
oV Vel Vel Vel Qv U0 Qe
o0 Ou0 V.0 Qev VeU Je0 heh
oV 0.0 V.0 Vel 0.0 345 10.8
oJ Oe0 Le? Sels /4¢3 LUOCU LOVLO
«0 Yel 85%.6 Y77 LU0.VU 10UO 10ULO
o3 8.7 1OU.U L00.U 100U LUDWU  LUDLD

Y8.5 L0U.U  1U0GU  LU0L0 LlUusu  LUGeU LUGeU 100.u

Oev
28.1
8.1

100.0
LOU«0
10040
100.0

10U«0

comnl cawsen tvecrnwwlccncmenlccnvwacl cevmve lnnncaclcecomeal cccvae § aa.

4

4

’ b ) 4 3

UNSO(NUMEFR UF SATELLITES)

Table 3 Atch 3
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MASK
ANGLE

75.0
65.0
5540
45.0
30,0
20.0
10.0

0.0

MASK
ANGLE

75.00
65400
- 55,00
45400
30400
20,00
10,00
0400

0.0
0.0
0.0
0.0
0.0
0.0

0.0

Le7

SATELLITE COVERAGE SIMULATION
ERESABRERAEEIEREIRRRONERNN NS

18-SATELLITE NON=~UNIFORM CONSTELLATION
V.00 DEGREES NORTH

LATITUDE

MINIMUM NUMBER OF
SATELLITES IN VIEW

DURING ONE DAY

OCTWwWrrOo0C0CC

AVERAGE NUMBER UF
SATELLITES IN VIEW

DURING ONE DAY

« 06
032
w51
lald
2ab)
hedb
6.29
T35

PERCENT OF TIME THAT AT LEAST
"N® SATELLITES ARE IN VIEW
0400 DEGREES NDRTH

AT LATITUDE

D«
040
Oeb
049
D)
49.0
10040
10040

0.0
0.0
5.2
0.8
B1.3
10040
100.0
100.0

5¢6
2.1
45.8
Tied
100.0
10%.0
10040

100.0

——es? o manm -t mammewlcencvenl cnswnalnenve el cnvecinl restmn s sal o

9

0.0 0.0 0.0
0.0 0.0 0e0
0.0 0.0 Ue0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 2040
0.0 40,0 89.0
446 96,3 10040
) 7 )

5

0.0 0,0
0.0 00
0.0 060
0.0 le7
9eb 7265

673 100.0

1000 100.0

100.0 10040
4 3

®N® (NUMBER OF SATELLITES)

2

)




SATELLITE COVERAGE SIMULATION
EARRNSHEREREEEEREESREELER S ERES

18=SATELLITE NON-UNEIFORM CUNSTELLATION
LATITUGE 45400 DEGREES NORTH

MINIMUM NUMBER OF AVERAGE NUMBER OF
MASK SATELLITES IN VIEW SATELLITES IN VIEW
ANGLE DURING ONE DAY DURING ONE DAY
75.00 0 «33
65.00 0 74
5%.00 1 Lel?

i 45,00 1 1.83

- 30,00 2 2492

| 20,00 2 4,04

3 10,00 3 5.18

? 0.00 4 6«49

<~ g TS

TRCET VPP

PERCENT OF TIME THAY AT LEAST
o "N® SATELLITES ARE IN VIEW
g AT LATITUDE 45.00 DEGREES NORTH

MASK
ANGLE
' L T
i' 75.0 * 0.0 040 0.0 0.0 0.0 040 0.0 0s0 3245%
: q
65,0 ' 0.0 0.0 0e 0 040 0ed 0.0 060 0.0 73.8
[ ]
55,0 * 0.0 0.0 040 0.0 0e 0.0 0s0 Lbe? 10040
[ ]
45.0 * 0.0 0.0 Ne0 040 02 0.0 %eb 7841 100.0
4] i
0.0 * 0.0 0.0 0.0 0.0 0e0 Llle5 80.8 100,0 10040
20,0 ¥ 0.0 0.0 0.0 19,2 2845 5848 97.1 100.0 10040
[ ] |
10.0 ¢ 0.0 540 23.5 45.6 48,3 95.4 100.0 100.0 100.0
]
0.0 ' 9.8 29.4 52¢3 65.0 9245 100e0 100.0 100.0 100.0
[ ]

9 8 4 6 5 4 ] 2 1l ‘

WN®™ (NUMBER OF SATELLITES) |

Table 5 Atch 3

35




’E‘F:

MASK
ANGLE

750
6540
55.0
45.0
3069
20.0
10,0

0.0

[N

-.‘.“..‘....-.Q.

SATELLITE COVERAGE SIMULATION
CEESEEEEEE RSP SR RERNIIOIEESS

[8~SATELLITE NON-UNIFURM CONSTELLATION
LATITUDE 7000 DEGREES NORTH

MINIMUNM NUMBER OF AVERAGE NUMBER OF
MASK SATELLITES IN VIENW SATELLITES IN VIEW
ANGLE DURING ONE DAY DURING ONE DAY

- . - o o S QAR N A8 AR S 4B O WU W &R - e D O R G o

75400 0 0.00
65,00 0 24
55.00 V) «?3
45,00 v le%l
30.00 1 295
20.00 2 hebh
10,00 4 5.89

0.00 b 7.2}

PERCENT OF TIME THAT AT LEASY
wN® SATELLITES ARE IN VIEd
AT LATITUDE 70.00 DEGREES NORTH

0.0 0.0 0.0 0.0 040 040 040 040
0.0 040 0.0 040 P 0.0 0.0 0.0
0.0 0.0 0.0 0.0 040 0.0 040 o2
040 0.0 0.0 D40 0.0 0.0 be? 3645
0.0 0.0 0.0 0.0 1.7 26e3 069¢b 9743
D0 0.0 0.0 7.7 46.7 9LeT 9747 100.0
0.0 0.0 24e2 67:3  97.7 100,0 100.0 10040
2.3 35.6 83,5 100.0 100.0 100.0 1000 100.0
[ Ry | .._..-......l...._-..-l PR g | Y e T
9 8 7 b 5 A 3 2
wN® (NUMBER OF SATELLITES)
Table 6 Atoch 3
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23.8
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GDOP Alternatives

hﬂq of Lowest Three
24—-Satelikke Consteliation
0" Mask Angle
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Geometric Dilution of Precision
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GDOP Alternatives

oy of Lowest Thres

24 iifte Constellation
20" Mask Angle
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GDOP_Alternatives
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GDOP_Alternatives -
Av of Lowest Three o
18-Sstelifte —Uniform Constellation 9
10° Maskc Angle ¥
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GDOP Alternatives

A of Lowest Three
18-Satellike -Uniform Constellation
20° Mask Angle
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CAS SIMULATION
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- Baamadiiienialiesins - .
B
p CAS MISSION
: 'E13 XYY 12 1)
3 TIME = 0.00 SECONDS MASK ANGLE = 10,00 DEGREES
3 A/C (Xo¥s2) m | =185432y =277:99 0.00) HEADING = 90,00
2 SATELLITE ORBIT 10 J/5
: 1 1 1 2177
3 5 3 21459
i b 3 3 16,97
3 7 1 4 22488
k. 7 3 5 224517
- B 1 b 20,412
SATELLITES cvap SATELLITES GDOP SATELLITES GI0P
1 2 3 & 4,30 * L 2 3 5 3,90 * 1 2 3 & 15¢20
1 2 & 8 Y44 ¢ L 2 4 b 5.44 ® L 2 % b 5491
b 1 3 4 5 2,92 % L 3 4 & 4 0 * 1 3 5 6 5,083
2 1 4 5 6 41l * 2 3 & 5 3,93 * 2 3 4 b 16488
- 2 3 5 & 308,91 % 2 4 5 & 7,00 * 3 4 95 & 5,82
. SATELLITE ORBIT  THETA PHINRTH
] 1 1 58401 “96437 -
. 5 3 ‘06.96 "23062
1 7 1 63496 41,09 : ;
7 3 65,913 149492 , )
8 1 28,30 —20e46

— e MR
e R e R

s Atch 5
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CAS MISSION
: I
- TINE = 300,00 SECONDS MASK ANGLE = 10,00 DEGREES
; AZC (Xs¥y2) » ( =185432y =~277.99, 0,00)  HEADING = 90400
Eﬁ SATELLITE ORBIT 1D /s
“‘.
e 1 1 1 2La44
3 5 3 2 21.78
& 3 3 17420
7 1 4 23.02
7 3 s 22414
8 1 6 20,09
SATELLITES 6DOP SATELLITES GbOP SATELLITES 630°
1 2 3 4 434 & 1 2 3 8 3.8 % 1 2 3 6 18462
1 2 4 5 1121 % L 2 4 & 5,00 % 1 2 5 & 6240
1 3 4 5 2,98 % 1 1 4 & 4,20 * 1 3 5 & 5487
1 4 5 6 406 * 2 3 4 5 3.90 %« 2 3 4 6 13406
2 3 5 6 25,37 % 2 4 5 b 5.92 ¢ 3 4 5 & 5483
SATELLITE ORBIT  THETA  PHINRTH
1 1 55,66 =96.34
5 3 49,02 =25.32
6 3 9423 128482
: ? 1 65,74 44,09
/] 7 3 63,98 149,15 b
g 8 1 27.82  -15.35 i
| |
G i
: |
:
i |
) ts
4 :
‘ |
j
)
1
|
' |
\ d
; ]
sﬁ
: 46 Atch 5 !
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CAS MISSION

I IXIR T2 LE R 3
TINE = 600400 SECONDS MASK ANGLE = 10,00 DEGREES
A/C (XoYel2) = {  =185,32y, +277.99) 0,00)  HEADING = 90400
SATELLITE ORBIT 1D 478
1 1 1 21410
5 3 2 21.91
6 3 3 L7.42
\ 7 1 4 23.19
: 7 3 5 21,71
| ] 1 6 20,07
SATELLITES Gbop SATELLITES Gboe SATELLITES ¢oaep Do
1 2 3 4 4040 * 1 2 3 % 3,87 * 1 2 3 6 22446 bog
1 2 4 13,92 ¢ 1 2 4 4,70 * 1 2 5 & 5496
1 3 & 5 3,06 * 1 3 & & 4,32 ¢ 1 3 5 & 595
1 & 5 ¢ 4,02 % 2 3 4 5 3,88 ¢ 2 3 4 & 10.85
2 3 5 & 1260 % 2 4 5 & 5.18 * 3 4 8 & 8.37

SATELLITE ORBIT THETA PHINRTH

53424 -96430 '
51.05 =26.96 !
6492 124.83 ‘
6755 44,97 o
62.00 1l48.44 H
27.61 =10.13

@ed O p=
) e tak Cad

|
{
X
:
1

e w2l e

T S b e s T K a4l




1 TIME =

SATELLITE
1
1
1
1
4

wew N
[URT I ]

‘ SATELLITE
Y i

SN~ O

M\«, A e T
- g
; Coens M et v

§

SR IS

900,00 SECONDS

A/C (Xg¥92) = ( =185.329

CAS MISSION
CRERGEREE RS

MASK ANGLE = 10.00 DEGREES

=277499,
SATELLITE ORBIT
1 1
5 3
6 3
? 1
7 3
8 1.
GOOP SATELLITES
4449 . 1 2 3 5
18.48 » 1 2 4 b
3.16 . 1 3 4 b
3.99 " 2 3 4 5
4473 ¥ 2 4 % 6
ORBIT  THETA PHINRTH
1 %0483 =9be24
3 53,08 ~28e%3
3 4eb63 L17.94
1 69439 45,73
3 60401 La7.77
1 27468 YU
48

0.00)

10

oS W -

378

20477
22.07
17.03
23435
2l.28
20.07

chop
3.87
4449
4449
3.88
4he66

e X R B J

HEAOING =

30,00

[ W T L RN ]

coooown

gone

29418
5460
be07
Fabh

1098




R L
Niga

R S b SR LE r N A S x_;

TIME =

A/JC (XyYe2) m»

NS W
Lo ptia Y QNN I 7 )

SATELLITE

=~ ONT e~

ORBIT

P~ P W LD

120000 SECONDS

CAS MISSION

53,13

LI 2RI EE 1Y
MASK ANGLE = 10,00 DEGREES
~148,26y «250419, 9.14) HEADING =
SATELLITE ORBIT 10 J/3
1 1 1 52.40
5 3 2 67.40
6 3 3 52440
7 1 4 73,44
7 3 5 60,40
8 1 6 52440
Goop SATELLITES GDOoP S
4459 L 1 2 3 5 3.89 * 1
2,72 L 1 2 4 &6 4434 * 1
3.28 * 1L 3 4 4.71 * 1
3.97 * 2 3 4 5 3,87 L 2
6.92 L 2 4 5 ¢ 4.27 * 3
THETA PHINRTH
48473 =-36490
54,92 ~30.80
2426 112,54
70.80 446,07
58.15 147,20
27460 -¢80
49

Atch 5

B e T
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Cakaaiy

GDOP

43.26
5030
be24
8e.48

16,20
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l
)

CAS HMISSION

@ NPT T T )
- TIME = 1%00.00 SECONDS MASK ANGLE = 10.00 DEGREES
; AZC (XsYeZ) = { =135,90, =193,05s 9.14) HEADING = 12420
i SATELLITE ORBIT 10 3
: 1 1 1 52479
5 5 3 2 68e21
) 6 3 3 52,79
7 1 4 73474
7 3 5 60433
8 1 6 52.79
SATELLITES G0oP SATELLITES GDOP SATELLITVES GnoP
1 2 3 4 4,73 * 1 2 3 5 3,93 ¢ 1L 2 3 & 88479
N 1 2 4 5 56,18 * L 2 4 6 4,24 * 1 2 5 & 5,05
. 1 3 4 5 .43 ¢ 1 3 & 6 5,02 * L 3 5 & be48
X 1 4 5 6 3,95 @ 2 3 4 5 3.88 * 2 31 4 & 7.82
i 2 3 5 6 5,91 ¢ 2 4 5 6 3,97 * 3 & %5 & 31,57
SATELLITE ORRIT  THETA PHINRTH
s 3 57,18 -32.83
6 3 073 -28000
i 1 72419 46433 {
7 3 55,89 147407 :
8 1 28,01 2476
4

3 i e e mend A imadme Do A o etk s kit el

50 Atch 5
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ki
i
: CAS MISSION
9 OEERRBARRY
8 TIME =  1800.00 SECONDS MASK ANGLE = 10,00 DEGREES
1 A/C (Xo¥o2) m ( =123455y =135.90, 9el4)  HEADING = 12.20
o SATELLITE ORBIT 10 J7s
x 1 1 1 53.04
E- 5 3 2 68493
3 6 3 3 53,04
X C) 1 & 93,04
2 SATELLITES c0OP SATELLITES GLOP SATELLITES 0P
3 1 2 3 4 4,91 « 1 2 3 % 3,98 % 1 2 3 & 1103.65
3 1 2 4 5 1786429 * 1 2 4 6 4,17 * 1 2 5 & 4,84
‘2 1 3 4 5 3061 % 1 1 4 b 5,45 % 1 3 5 & 6e81
1 1 4 5 & 3,94 % 2 3 4 5 3.89 * 2 3 4 6 7436
3 & 3 5 &6 5028 & 2 4 5 4 3479 % 3 4 5 ¢ 779,97
i SATELLITE ORBIT  THETA PHINRTH
1 1 45,09 -97,09
ot 5 3 59 . 45 "3" . 75
: 6 3 3,54 -53,70 |
. 7 1 73,60 46,51 5
L 7 3 53,60 147.08 :
. 8 1 28.57 6.13 ;
8 i
.
U -‘
is‘
|
!
i
|
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AP ST T L T T

TIME =
A/C tX4Yy

VRP SWwWes

SATELLITE

BN~ OV

CAS MISSION

(2RI 121112
2100,00 SECONDS MASK ANGLE = 10,00 DEGREES
Z) = { ~=111.19, =78.76» 9.14) HEADING =
SATELLITE ORBIT 10 J/8
1 1 by 53.17
5 3 2 69.73
6 3 3 53416
7 1l 4 T4.ll
7 3 5 54477
8 1 6 53416
S 6Dop SATELLITES (D ]o]d SATE
4 5,12 L 1 2 3 95 4,07 * 1 2
5 52.95 L ¢ 4 b 4013 * 1 2
5 3.85 * 1 3 4 4 6.08 * 1 3
b 3,93 * 2 3 4 5 3.91 * 2 3
6 4,86 & 2 4 5 6 3.5%5 * 3 4
ORBIT THETA PHINRTH
1 43,26 =97.1%
3 6le?5 =36455
3 6045 =5T¢38
1 75.02 46461
3 51.28 147.25
1 29.28 9,27

52

12.20

W AN AR ad e
oo cowm

Atch 5

6Jop
75483
4.68

7.28
7.02
34444
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CAS MISSION
I YEI RIS L
. TINE =  2400.00 SECONDS MASK ANGLE = 10.00 DEGREES
d A/C (Xy¥sZ) = (  =98,84y =21.62 9.14)  HEADING = 12,20
1.
% SATELLITE ORBIT 1D 373
1 1 1 53,25
5 3 2 70449
6 3 3 53,25
7 1 4 74.26
pe 7 3 5 53,25
x 8 1 6 $3.25
: SATELLITES 6DOP SATELLITES Goop SATELLITES GDOP
! 1 2 3 4 5,37 ¢ L 2 3 § 419 + 1 2 3 6 40.51
" 1 2 4 5 2698 ¢ 1 2 4 b 412 ¢ 1 2 5 6 4e54
i 1 3 4 5 415 ¢ 1 3 4 6 7.09 ¢ 1 3 5 ¢ 7.92
[ 1 4 5 & 3,94 ¢ 2 3 4 5 3.95 * 2 3 & & 6479
: 2 3 5 & 4,58 ¢ 2 4 5 3.4 ¢ 3 A4 5 6 16.99
| SATELLITE ORBIT  THETA PHINRTH 5
2 1 1 41,43 =97,1% 3
3 5 3 64.06 -38.25
h 6 3 9.39 -59.33 ;
3 7 1 76445 46,64
. 7 3 48,94 147459
h;L ] 1 30,13 12416
’ ?
4
A
i
f
{
|
' 4
g ,!
: 1
| ]
ﬁ.‘. 53 Atch 5 :'1




CAS MISSION
221333283}
: TIME =  2700.00 SECONDS HASK ANGLE = 10.00 DEGREES
f A/C (XoVol) = ( =86448 35,52, 9414) HEADING =
: SATELLITE ORBIT 1o 478
1 1 1 53.33
5 3 2 71.29
6 3 1 53,33
7 1 4 74442
». 7 3 5 53,33
: 8 1 6 53.33
. SATELLITES 6DOP SATELLITES GDOP s
1 2 3 4 5068 % 1 2 3 5 4035 * 1
L 2 4 5 18419 ¢ 1 2 & 6 avl2 ¢ 1
1 3 4 5 454 % L 3 & b 8,89 ¢ 1
1 4 5 & 3,95 % 2 3 4 5 3.99 & 2
2 3 % 6 4,37 ¢ 2 & 5 3.29 % 3
SATELLITE ORBIT THETA  PHINRTH
: 1 1 39459  =97.10
'- 5 3 66439  =39.84
b 3 12.35  =60475
, 7 1 77.89 46,60
7 3 46.59 148,13
;
;
‘ .

12.20

PN RCTRE
coocoow

Atch 5
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44,23 148.90
32.19

Lt : - . . -
M L e am s - .
r: CAS MISSION
L I LTI Y
' TINE = 3000,00 SECONOS MASK ANGLE = 10400 DEGREES
AJC (XeY¥y2) = | mThel3 92 .06y 9.14) HEADING = 12420
,j SATELLITE ORBIT 10 J/s
o L 1 1 53,39
E 5 3 2 72409
5 6 3 3 53,39
3 7 1 4 74459
X 7 3 5 53,39
°] 1 6 $3.39
i SATELLITES Guop SATELLITES GDOP SATELLITES 6I0p
1 2 3 ¢4 beUb * 1 2 3 4 658 % 1 2 3 @ 22.02
1 2 4 5 13,79 &« 1 2 4 6 4eld ¢ 1 2 5 ¢ 4,35
1 3 4 & 5,08 * 1 3 4 4 12.7 % 1 3 5 ¢ 10,22
1 4 5 & 3.9 % 2 31 4 % 4,03 ¢ 2 3 & & beb2
2 3 5 4 423 % 2 4 5 ¢ 3.20 ¢ 3 4 5 8ab b
3 SATELLITE ORBIT  THETA PHINKTH
1 1 37.76 -96095
-4 ] 3 68,73 =41.34
6 3 19,33 “61e9%
? 1 79433 46449
7 3
8 1

-
-~
-
-
~n
I

T e i . <2
PR R S LT,

P I P S

55 Atch 5

s A 1 - - A AWML (s 5+ AP Ve Y

re . Y S PP AR PO Y are: 1 R I ey et ARy




CAS MISSION
([ T RIS IR TR Y]
TIME =  3300,00 SECONDS MASK ANGLE = 10.00 DEGREES
A/C (Xo¥elZ) » (  =674954 92466 9¢14) HEADING = 90.00
SATELLITE ORBIT 10 3
1 1 1 53.42
" 5 3 2 72.53
. 6 3 3 53,42
7 3 & 53,42
8 1 b 53,42
SATELLITES G00P SATELLITES 6oOP SATELLITES G00P
7 1 2 3 4 4.89 % 1 2 3 5 18047 & 1 2 4 5 4.23
3 1 3 4 5 12,36 * 2 3 & § 4el2 *
i SATELLITE ORBIT  THETA PHINRTH
’ 1 1 35,29  =96.72
5 3 70e74  =42.42
6 3 17,77 =6l.71
7 3 42,14 149,27
8 1 13, 65 20,22

56 Atch 5
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E
:
5

7
5-.
’

SATELLITE

1 2 3
1 3 &

SATELLITE

e T ¥y AR ST T e S S e (e
@ ~NO B -

5

4
5

e i

ORBITY

- WW W -

TINE = 3600.00 SECONDS
A/C (X9¥e2) = |

CAS MISSION

SEeRsEREE RN
MASK ANGLE = 10.00 DEGREES
-ble 779 924606y 9.141) HEADING = 90,00
SATELLITE ORBIT 10 J/5
1 1 1 53445
5 3 2 72.51
6 3 3 53445
7 3 4 53445
8 1 5 53.45
Gbae SATELLITES GOOP SATELLITES GI0P
5.33 ¥ 1 2 3 5 16424 * 1 2 4 5 423
16405 * 2 3 4 5 4.04 .
THETA PHINRTH
32,83 -96.33
72.74 =43,47
20.21 -51.86
40,09 149,82
35.24 22492

5T Ateh §
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CAS MISSION
CEEREER R Ry
TINE =  3900.00 SECONDS MASK ANGLE = 10.00 OEGREES
AZC (XoYo2) = (  =55,60, 92466, 9414)  HEADING =
SATELLITE ORBIT 10 J/s
1 1 1 53,47
H 1 2 69,81
5 3 3 72462
6 3 4 53,47
7 3 5 53,47
8 1 6 53,47
SATELLITES cooP SATELLITES GoOP SATE
1 2 3 4 18,73 ¢ 1 2 3 5 3.58 ¢ 1 2
1 2 4 s 1201 % 1 2 4 5 23.20 * 1 2
1 3 4 5 5,99 ¢ 1 3 4 4 14.76 * 1 3
1 4 5 ¢ 23,62 ¢ 2 3 4 8 3.99 ¢ 2 3
2 3 5 & 51432 ¢ 2 &4 5 & 427 % 3 4

SATELLITE ORBIT THETA PHINRTH

1 1 30,38 -95,78
2 1 78,74 =-122.70
5 3 74.73 44,47
6 3 22467 =-62,12
4 3 31.97 150.60
8 1 36493 25427

58 Atech §
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i - -
CAS m
L X-X%F
. TINE = 4200.,00 SELONDS
i AZC (XoYe2) = 9e27 74413
£ SATELLITE ORH
! L
o 2 1
‘fu 5 3
b b 3
b ? 3
3 3 1
3 SATELLITES GLOP SATELL
; 1 ¢ 3 4 6497 & 1 @
: 1 2 4 s 12,34 * 1 2
. 1 3 4 5 7.0L % 1 3
= 1 4 5 6 46,69 % 2 3
3 2 3 5 & 104.27 * 2 4
3 SATELLITE ORBIT  THETA PHINRT
4 1 1 27417 =97.03
; 2 1 76485 =124.26
4 5 3 76619  =46.18
1 6 3 24403 =b4426
3 7 3 36459 151.22
1 8 1 38423 21,34
#
|

i
|
o
-
P
[SSION
TEilL i
MASK ANGLE = 10.00 DEGREES ?
) «03)  HEADING = 90,00 h
A
I 1o 375 %
1 6l.42 ;
2 80424 i
3 82.76 '
4 61,42 i ,i
b 6l.42 '
6 6l.42 s
Do
ITES GuOP SATELLITES G0OP .
3 b 3067 ¢ 1 2 3 6 4,02 Do
4 b 1243 ¢ 1 2 b ¢ 91 ' H
4 6 13,72 % 1 3 s ¢ 4,20 \
4 ‘) 3-99 L 2 3 4 6 3.96 q
5 4 4,22 ¢ 3 4 5 ¢ 3,98 ]
H
j
{
]
|
i
1
/ !
i 1
H 1
/ s
/, '
/ 1

59 Atch 5
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CAS MISSION b
"Mi1i2113122) i
TIMNE =  4500.00 SECONDS MASK ANGLE = 10,00 DEGREES
A/C (XyVel2) = 46433y 18,53 ,03) HEADING = 146431
SATELLITE GORBIY 10 47s
1 1 1 64492

y 2 1 2 78427
: 5 3 3 84,02
0 6 3 A 64492
| ? 3 5 64492
" B 1 6 65435
5 SATELLITES Goap SATELLITES 6DaP SATELLITES GoOP
: 1 2 3 & 5287.26 * 1 2 3 8 3,79 * 1 2 3 b 3.99

3 1L 2 4 8 12.80 # 1 2 4 b B.77 ¢ L 2 %5 6 3,91

; 1 3 4 % B.78 ¥ L 3 4 6 1299 % L 3 5 6 4.20

F 1 4 5 & 28878.42 ¢« 2 3 4 9 3499 2 3 4 & 3.81

] 2 3 % & 2373.89 % 2 4 5 b “.19 * 3 4 5 & 3.94

| SATELLITE ORRIT  THETA PHINRTH

1 1 24473 -9 742

2 1 7453  =125.¢99

5 3 77459 47,35

6 3 26437 -6%.02 J

? 3 35.16 151,60

8 1 40,10 2965 ;
60 Atch 5
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e s o T e T
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CAS MISSION
A1 22 Y
TIME = 4800400 SECONDS MASK ANGLE = 10,00 DEGREES
A/C (XyYa2) = 78,76y 50e90, «06) HEAD ING = 45.00
SATELLITE ORBIT 10 J/5
1 l 1l 62.83
2 1 e 81,98
S 3 3 80.78
6 3 4 62483
? 3 5 62.83
] 1 6 62,83
SATELLITES G60up SATELLITES GDbOop SATELLITES GbOpP
1 2 3 o 37.45 . 1 2 3 3,96 . 1 2 3 & 3.99
1 2 4 5 13,53 L] 1 ¢ 4 & 7.00 * 1 2 5 & 3.93
1 3 4 5 12.43 * 1 3 4 12452 L 1 3 95 % 4,23
1 4 5 4654 . 2 3 4 5 4,02 . 2 3 4 ¢ 3.69
2 3 5% & 9572 . 2 4 5 b 4,18 » 3 &4 5 ¢ 3.94
SATELLITE ORBRIT THETA PHINRTH
1 1 22.70 =-97.21
b4 1 72.56 ~126.68
5 3 19,63 =484.68
6 3 29.05% =bb.52
7 3 33,27 153466
8 1} 41461 30.53
61 Atch 5
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” Bl it e . : o
CAS MISSION
SRR b ofe ey
TIME =  5100,00 SECONDS MASK ANGLE = 10,00 DEGREES
A/C (Xy¥s2) = (111419, 83,40, «09)  HEADING = 45,00
SATELLITE ORBIT 10 478
L 1 1 49.59
2 1 2 69.55
6 3 3 49,59
7 3 A 49,59
8 1 5 49,59
3l SATELLITES G0aP SATELLITES GDOP SATELLITES Gnop
3 1 2 3 & 14,57 % 1 2 3 5 5,97 * 1 2 & 5 1.97
§ 1 3 4 5 2359 * 2 3 4 5 4019 #
? SATELLITE ORBIT  THETA  PHINRTH
¥ 1 1 20469  =96,75
‘f 2 1 71019 "127030
6 3 31.74 =h?.92
: 7 3 11,47 156.19
3 8 1 43415 31,20
; |
] J
4
i
H
1
!
|
1
!
)
1
|
H
{
1
]
|
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CAS MISSION 5
HER AR R R A
“ TIME = 5400,00 SECONDS MASK ANGLE = 10,00 DEGREES q
" AIC (X9Ya2) = | 46433 317400, #31)  HEADING m  =125%,54 1
V- A
i SATELLITE ORBIT 1D 475 g
1 1 1 6470 3
2 1 2 81.58 o
; . 3 3 6470 i
; 7 3 4 64470 ‘E
% ] 1 5 H5eb4 i
A 3 b 34475 ﬁ
SATELLITES GDUP SATELLITES GDOP SATELLITES 330p .
1 2 3 4 lbed2 ® 1L 2 3 5 5«31 % 1 2 3 5495 -
" 1 2 4 5 4ed2 % 1 2 4 b be25 * 1 2 5 b 4ell K
v 1 3 4 5 lbae & 1 3 4 299427 ® 1 3 5 hatl? &
2 1 4 5 549% % 2 3 4 b 4021 % 2 3 4 & 410 Y
3 2 3 5 » e3¢ 2 4 5 4 302 % 3 4 5 6 3,98 3
SATELLITE DRHIT  THETA PHINRTH :
1 1 17,73 -31.60
2 1 6Be31 ~127.78
6 3 34,03 -66405
y 7 3 29409 157490 .
i 8 1 46,07 32487 !
|
i
i
l
\
|
i
{ 63 Atch 5
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; Momee o it ot s - — e o ' [
CAS MISSION
(T RESIISLIR L]
TIME = 5700.00 SECONDS MASK ANGLE = 10.00 DEGREES
A/C (XgYe2) = 9427y 55,609 3.96)  HEADING = “71457
SATELLITE ORBITY 10 J/s
1 1 1 57454
1 2 71,25
6 3 3 5754
7 3 4 57.54
8 1 5 59426
8 3 6 72482
SATELLITES 6ooPp SATELLITES GhoP SATELLITES Gaop
1 2 3 & 1826 % 1 2 3 5 4,87 * 1 2 3 & 5042
1 2 4 5 4,10 * L Z 4 6 6s25 & 1 2 5 b 4,05
1 3 4 5 12438 * 1 3 4 & 25426 * 1 3 5 b 5¢79
1 4 5 6 be96 * 2 3 4 5 4e2% ¥ 2 3 4 b 4406
2 3 5 &6 11,05 * 2 4 & 6 3,07 * 3 4 5 & 1.94
3 SATELLITE ORHBIT  THETA PHINRTH
2 1 1 15.70 -85,17
' 2 1 65.97  =127.65
B 6 3 36495 -65.13
I 7 3 26458 161439
I 8 1 48,52 33,64
3 8 3 76489 138,48
* 1
|
1
;
%
1
1
4
3
{
.s'
!
-@
]
;
1
]
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CAS MISSION
IR L R Y

T4eldy

SATELLITE ORBIT

"—c :--- o oo omia ¥ -
b TIME = 6000,00 SECONDS
% A/C (XsYsl) w | =b4,86
.
w
4 SATELLITES 600P
3 1 2 31 4 21484
2 1 2 4 5 4021
3 1 3 4 5 10,26
3 1 4 5 & 8450
X 2 3 5 & 13,68
3 SATELLITE ORBIT  THETA
: 1 1 13494
2 1 63,60
: 6 3 319,86
n 7 3 24419
3 a 1 50497
iy 8 3 T4e42
i
i
|
o
}
;

W@ ~NC N -

“* 4 % %=

W W -

Swnrm
(U S
owno oot

PHINRTH

=76,90
-LZ?.SI
~64437
165467
34,31
138.84
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1D

WM SWN -

i
i
MASK ANGLE = 10.00 DEGREES !
7.62)  HEADING = -71.57 |
|
J/5 |
54,29
67432
54,29 |
54,29 |
57«83
68,79
GpoP SATELLITES GD0P
457 * 1 2 3 & 5.97
6e29 * 1 2 5 & 3.99
1260 * 1 3 5 ¢ 5,06
4,32 * 2 3 4 @ 4,02 '
3,13 ¢ 3 &4 5 6 3.91
|
!
i
[
i
i
{
i
|
)
Atch 5
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i '&—;—-—n—,«—d—u - i — s )
5 CAS MISSION
. I
: TINE =  6300,00 SECONDS MASK ANGLE = 10,00 DEGREES
& A/C (XsYsZ) = ( =81,54y 9,271 7.62) HEADING =  =165,58
" SATELLITE ORBIT 1D s
- 1 1 1 a7
b 2 1 2 66431
- 6 3 3 54442
? 3 & Bea7
8 3 6 68423 L
SATELLITES GooP SATELLITES 60oP SATELLITES 600P |
, 1 2 3 4 26,01 % 1 2 3 & 4,35 %« 1 2 3 6 5,60 |
1 2 & 3 436 % L 2 4 b 639 ¢ 1 2 5 6 3,95
: 1 03 4 8 8090 * 1 3 4 6 Bu76 ¢ 1 3 5 & 4,53
. L & 5 6 1,17 % 2 3 4 5 4,40 ¢ 2 3 4 6 4,01
2 3 5 & 18,07 * 2 4 5 & 3.22 %+ 3 4 5 6 3,89
) SATELLITE ORBIT  THETA  PHINRTH
3 1 1 11.48  =67.06
3 2 1 60478  =128,39
6 3 4l.74 “b4,10
7 3 22059 168,33
8 1 53,58 35,38
8 3 72,75 138466
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w o R L e et - ‘e .
g \
3 I
1N :
cAS mISSION
MY
TIME =  6600.00 SECUNUS MASK ANGLE = 10,00 DEGREES
A/C UXoYeld = ( =38422y  =554n0 7.62)  HEADING =  =165.58
SATELLITE OXdlT 1D 'R
: 1 1 1 54,03
& 2 1 2 65.12
3 b 3 3 54,83
} 7 3 4 54403
A b 1 5 68495
3 8 3 6  bl.b7
3 SATELLITES GOOP SATELLITES GDaP SATELLITES 620P
i 1 2 3 & “eb9 ¢ 1 2 3 4 4.19 % 1 2 3 b 5.29
‘ 1 2 & 5 457 % 1 2 4 b beS4 % 1 2 5 & 1,91
1 3 4 b5 2.99 % 1 3 4 b be3b * 1 3 5 & dold
1 4 5 b labl * 2 3 4 5 4,50 % 2 3 4 & 4401
2 3 5 & 26,87 ¢ 2 4 b5 & 3,34 % 3 4 5 b 3,48
SATELLITE ORWIT  THETA  PHINRTH
\
1 L 9.58  =5244H g
2 1 57,94  =129,37 .
6 3 43e61  =03.92 i
? 3 21,08 171,51
8 1 Ybel8 36423
8 3 71,07 138,52
]




| CAS MISSION
) IR LE SRR L)
g TIME = 6900,00 SECONDS MASK ANGLE = 10,00 DEGREES
? AZC (XsYoZ) = ( =114.90y =120446) 7.62)  HEADING =  =165458
y SATELLITE ORBIT 10 s
. L 1 1 33.83
2 L 2 63,60
6 3 1 55,19
7 3 o 83,83
8 1 5 69,60
8 3 6 67.12
SATELLITES 6hoP SATELLITES 6P SATELLITES 5DOP
1 2 3 & 79.03 % 1 2 3 5 4008 % 1 2 3 & 5,03
1 2 4 5 aB6 * 1 2 4 b 6e76 * 1 2 5 & 389
1 3 4 5 735 % 1 3 4 & 5.96 % 1 3 5 & 3.85
1 4 5 6 33,26 * 2 3 4 5 4t ¢ 2 3 4 b 802
2 3 5 & 53.15 % 2 4 5 & 3.48 % 3 4 5 & 3.88
SATELLITE ORBIT  THETA  PHINRTH
1 1 8,62  =32.80
2 1 55,09 =130.45
b 3 45,47  -53.81
7 3 19,69  175.28
8 1 58,78 3690 !
8 3 69,40 138442 ;
-4
1
'.3,
i
‘,i
3
§
;
|
i
A
i
§
1
i
y
|
b
§
& Atch 5 ;
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CAS MISSION
I EZTE RS LN R

. TIME =  7200.00 SECONDS
ﬁ} AZC (XyYe2) » { =131.58y =185,32,
j SATELLITE ORBIT
|j 1 1
: 2 1
" 6 k)
: ? 3
g 8 1
' 8 3
A
3 SATELLITES GDOP SATELLITES
: 1 2 3 4 3459,87 * 1 2 3 4
. 1 2 & 5 5,27 * 1 2 4 b
. 1 3 4 % 6,90 % 1 3 4 &
: 1 4 5 & 2229475 % 2 3 4 5

2 3 5 4350.31 * 2 4 5 &
: SATELLITE ORBIT  THETA PHINRTH
1 1 L 8,88 ~L1.56
\l 2 1 52'22 '131064

6 3 47,33 -63,77
i 7 3 18,44 179.72
f ) 1 ble36 37.40
; 8 3 67473 138436
|
69

MASK ANGLE = 10.00 DEGREES

T.62)

1o

Cr LW -

J/5

53459

61.56
5539
53.59
7041
6b.l2

GOOoP
4,00
7.08
5.33
4.80
3466

L K K I N J

HEADING =

~165458

VL RN W e

acococoow

-
]

2

IRV ET RN T LA !

Gooe
4.82
3.87
3462
406
3.089
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CAS MISSION
LR IR TR T ]

. TINE =  7500.00 SECONDS MASK ANGLE = 10,00 DEGREES
3 A/C (XoYo2) ® { =1484269y =250.19, 7¢62)  HEADING =  =165.58
"
3 SATELLITE URBIY ID J/s
A
i 1 1 1 $3,06

2 1 2 53,06

6 3 3 56449

7 3 4 53,06

8 1 5 71407

8 3 6 6471

SATELLITES GDOP SATELLITES GDOP SATELLITES GooP

3 1 2 3 4 B2.43 * 1 2 3 5 3,95 ¢ 1 2 3 6 4065
9 1 2 4 5 5,90 ¢ L 2 & & 7.3 * 1 2 8 3,87
s 1 3 4 5 658 ¥ L 3 4 & 4,90 * 1 3 5 6 3.4
. 1 4 5 & 32,36 % 2 1 4 8 5,00 % 2 3 & & 4,13
5 2 3 5 & 54,33 & 2 4 & ¢ 3.89 * 3 4 5 & 3.90

SATELLITE ORBIT THETA PHINRTH

10.25 5.94
49,39 =-132,96
49.17 ~63.77
17037 -175.1‘ ]

63.93 IPe70
66,06 138,35

@~ N
Wire W3 W
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Tomm T ) TR RS L e Ty

R e, WS " . e
CAS MISSION
*ERENEdSREE
TIME = 7800.00 SECONDS MASK ANGLE = 10,00 DEGREES
AZC (X9Y92) = | =1b64799 =264.09, 3.81) HEADING =
SATELLITE ORBIT 10 J/s
1 1 1 50.14
2 1 2 50.14
6 3 k) 63,84
7 3 4 50414
8 1 5 69.02
8 3 6 56,86
SATELLITES Gporp SATELLITES GDOP S
1 2 3 » 41,34 . 1 2 3 5 3,93 » 1
1 2 4 5 6490 . 1 2 & & 8.16 * 1
1 3 4 5 be3b * L 3 &4 & 4.60 L 1
L & 5 16441 * 2 3 & 5 525 ¥ 2
2 3 5 6 27.04 . 2 4 5 ¢ 4,18 * k|
SATELLITE ORBIY THETA PHINRTH
1 1 12,20 15446
2 1 46,89 =133.96
6 3 51.49 =b4.01
? 3 16660 «l67.25
8 1 66,17 37.73
8 3 64,02 138.66
T

L R A

-126.,87

cocooorwm

spoe
4.51
3.87
3.30
4.23
3.92

i = e M
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CAS MISSION

. . L 2 X2 X2 E TR 2]

fﬁ TIME = 8100,00 SECONDS MASK ANGLE = 10,00 DEGREES

ﬁ A/C (X3Y¥eZ) = ( =185.32y, =277.99, =e00)  HEADING =  =126,87

i SATELLITE ORBIT [0 s

. 1 1 1 19,03

i 2 1 2 17.06

i 6 3 3 20.84

& 7 3 4 14.86

. 8 1 5 23.28

p 8 3 6 22.38

1

K SATELLITES Gbup SATELLITES GooP SATELLITES coop

z 1 2 3 & 28412 » L 2 3 5 3.92 ¢ 1 2 3 & 4040

5 1 2 & % .68 * 1 2 & & 9.06 * 1 2 5 ¢ 3.88

i 1 3 4 5 6,20 ¢ 1 3 4 b 4.38 ¢ 1 3 85 6 3.18

A 1 4 5 6 1109 * 2 3 &4 5 5.5 ¢ 2 3 4 & 4.37

3 2 3 5 & 18,09 ¢ 2 4 5 ¢ 4,5 * 3 4 8 ¢ 3.9%

;

& SATELLITE ORBIT  THETA PHINRTH
1 1 14442 21495 ]
2 1 44,35 ~=135,03 1
6 3 53,80 6425 :
7 3 16022 '153072
8 1 68.40 37.62 ;
8 3 61499 139,07 4
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ﬁ
! 24-SATELLITE CONSTELLATION
! J/8 Elimination Percentage
r MISSION
é.:
f.,-‘}‘ CAS BI HELO 187 PPB
i
i 10° 69 69 81 59 56
i MASK
Eﬂ 20° 45 27 60 3 37
i:;".
-
El; Navigation Improvement Percentage
.
MISSION
| CA8 Bl HELO 18T PPS
s‘.
!
;: 10° 3k Lh 9 19 3
: MASK 3
d 20° 8 7 2 b é
3
Adjusted Navigation Improvement Percentage
}
MIBSION b
]
CAS EI HELO IST PPB
10° L9 64 11 32 55
MASK ]
20° 18 26 3 12 16 ‘
t
i
]
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.y

MASK

MASK
\

MASK

S — " .
18-SATELLITE CONSTELLATION
J/8 Elimination Percentage
MISSION
CA8 EI HELO IaTr PPS
10° 65 63 (i 57 52
20° 43 a5 60 30 35
Navigation Improvement Percentage
MISBION
CAS BI HELO 18T PP8
10° 13 16 2 i 8
20° 1 3 0 0 0
Adjusted Navigation Improvement Percentage
MISSION
CAS EI HELO 187 PP8
10° 20 25 3 12 15
20° 2 12 0 0 0
Atch 6
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Figure 2
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